; which were far larger than in the above-described undeveloped mire (0.3 kgN ha -1 yr -1
Introduction
The area of the world's entire ecological system is 151 10 6 km 2 , of which peatlands account for 2 (Penman et al., 2000) . Many peatlands exist in northern regions; many have been classified as bogs, in which organic matter is abundant (Matthews and Fung, 1987) . Peatlands constitute a large carbon and nitrogen pool, and are thus disproportionately more important than any other ecosystem for carbon and nitrogen cycling. A large peatland area is in central Hokkaido, where large mires existed previously. Almost all of these were drained and dressed with mineral soil for agricultural use by the 1960s (Kohyama et al., 1995) . Peatland drainage causes oxidation of the accumulated organic matter and consequently engenders mineralization, which contributes to emissions of greenhouse gases such as carbon dioxide and nitrous oxide. In general, nitrous oxide emissions from natural peatlands are small (Nagata et al., 2005) or show low uptake (Regina et al., 1996) . However, some previous studies have shown that drainage of peatlands accelerates nitrous oxide emissions (Martikainen et al., 1993; Nykänen et al., 1995; Maljanen et al., 2003) . Nitrous oxide is a much more potent greenhouse gas than carbon dioxide and methane: it has about a 300 times more powerful greenhouse effect than carbon dioxide over a 100-year time horizon (Houghton et al., 2001) . Few studies of nitrous oxide emissions from drained peatlands have been conducted to date. In particular, changes in the groundwater level influence the seasonal variation of nitrous oxide emissions (Flessa et al., 1998; Regina et al., 1999) . Consequently, the objective of this study was to determine the rates of nitrous oxide emissions from drained and mineral soil-dressed peatland in central Hokkaido, Japan. Moreover, we investigated nitrous oxide concentrations in soil gas.
Materials and Methods

Experimental site
The study site (43°19'N, 141°48'E) is located at the center of the Ishikari peatland in central Hokkaidothe northernmost large island of Japan. Records for 1979-2000 obtained at Bibai Meteorological Station, located about 3 km north of this study site, indicate a mean annual temperature of 7.1 . The monthly air temperature is -6.7 (January)-21.1 (August). Its mean annual precipitation is 1155 mm; approximately 30 of which falls as winter snow. The average maximum snow depth is up to 115 cm. (Sapporo District Meteorological Observatory, 2001) . Study sites were set up in two fields (3.5 10 3 m 2 ) of the National Agricultural Research Center for Hokkaido Region (Bibai Experimental Field) in Bibai City during April 2003-October 2005: a peatland field (D site) where only drainage was performed, and a peatland field (D-SD site) where both drainage and mineral soil-dressing to a depth of about 20 cm were done. The Bibai Experimental Field was established in 1919. Drainage of the field establishment was initially performed, followed by mineral soil-dressing in 1967. Crop production, cultivation, and fertilizer application had not been done in these fields for over 10 years up to the time of the study; only cutting of weeds was conducted regularly 2-3 times annually, including measurement periods. Weed residues were left on the fields. 2.2 Nitrous oxide flux measurement using the closed chamber method Four gas-flux measurement points were set at the center of each field at intervals of around 10 m and nitrous oxide fluxes were measured using the closed chamber method. We used a cylindrical (30 cm diameter, 35 cm height; April 2003 -November 2004 or cubic (30 cm side; November 2004-October 2005) polyvinyl chloride chamber. We set up four collars in each measurement point to place the chambers. These chamber methods were conducted about every 15 days, on average, including periods of snowfall. Flux measurements were conducted mostly between 0900 H and 1600 H. We set the chambers to collars filled with water to prevent aeration. We took gas samples immediately before closing the chamber (0 min). After the chamber was closed, we took two gas samples after 10 and 20 min respectively. Nitrous oxide concentrations were quantified using a gas chromatograph equipped with an electron-capture detector (ECD) and a porapak N column (GC-14B; Shimadzu Corp., Kyoto, Japan). Details of the gas sampling and analysis were described in Nagata et al. (2009) . Annual emissions (January-December) were calculated using the successive linear interpolation of daily fluxes, as described by Kusa et al. (2002) , and Toma and Hatano (2007a) . No flux data exist for January-March 2003 or November-December 2005. To calculate the annual flux we assumed the flux data in those periods to be zero, based on results obtained in 2004.
Measurement of nitrous oxide concentration
in the soil We installed stainless steel pipes (9 mm inside diameter) around every collar at depths of 5, 10, 20, and 30 cm during the period August-November 2004 and at depths of 10, 20, 30, and 40 cm during the period June-September 2005 to collect soil gas. Details of this method were described in Morishita et al. (2005) . Nitrous oxide concentrations in gas samples were analyzed using the same method as that described for the closed chamber method.
Soil matric and pressure potential
The soil matric and pressure potential at depths of 10 and 30 cm at each site during April-October in 2004 were measured continuously using a tensiometer with a data logger (DIK-3023; Daiki Rika Kogyo Co., Ltd., Tokyo, Japan).
Soil physical analysis
Intact soil samples (at depths of 0-5 and 20-25 cm) were collected on 20 November, 2003 using 100 cm 3 stainless cores. The soil bulk density was measured gravimetrically after the core samples had been dried at 105 for 2-3 days. Groundwater levels were recorded using water height probes (Kyowa Electronic Instruments Co., Ltd., Tokyo, Japan) or a pressure type water level gauge (MC-1100W; Koshin Denki Kogyo Co., Ltd., Tokyo, Japan) at the D-SD site.
Soil chemical analysis
Disturbed fresh soil samples were collected on 20 November, 2003 at 5 cm intervals using a stainless auger to determine the total carbon and nitrogen content in the soil. After grinding air-dried and sieved (2 mm) soil samples using an agate pestle and mortar, total carbon and nitrogen contents were analyzed using an elemental analyzer (Vario Max CNS; Elementar Analysensysteme GmbH, Hanau, Germany).
Precipitation and potential evapotranspira-
tion Precipitation data were obtained from data recorded at the Bibai Meteorological Station, located about 3 km north of this study site (Sapporo District Meteorological Observatory, 2003 . The potential evapotranspiration (E0) and precipitation surplus (Difference between precipitation and evapotranspiration) were also calculated. To estimate the monthly average E0 (mm d -1 ), the equation of Priestley and Taylor (1972) ). Subsequently QRN was estimated using the method presented by Miura (1992) . The duration of sunshine per day and mean daily temperature were obtained from records of the Bibai weather station. The relative humidity was obtained from records of the Iwamizawa weather station, located at a point 20 km south of the study site. The albedo value was set as 0.12, which is the average value in the Japanese mire (Yazaki et al., 2006) . The precipitation surplus was calculated as the difference between monthly precipitation and E0.
Statistical analysis
Two-way ANOVA was used to examine the effects of the sampling year and differences of condition (drainage only, drainage and mineral soil-dressing) of the study fields. We used software (Excel statistics ver. 6.0, Esumi Co. Ltd., Tokyo, Japan) for this statistical analysis.
Results
Soil properties
The soil bulk density in the surface layer (0-5 cm) at the D-SD and D sites were 0.93 and 0.29 Mg m -3 respectively, with higher values at the D-SD site and that in the deeper soil layer, which were similar among the sites (Table 1 ). The porosity of the surface layer at the D and D-SD sites were respectively 82 and 61 . Those of the peat layer were similar (87 and 84 ) between sites ( Table 1) . The carbon and nitrogen contents were higher at the D site than at the D-SD site ( Table 2 ). The soil carbon contents at the D site were 30-40 , while the nitrogen content was 1.6-2.3 . The soil carbon content at the D-SD site in the mineral soil layer (0-20 cm) was 4.1-8.6 ; while that in the peat layer was 15.5 . The nitrogen content was 0.3-0.9 . 3.2 Groundwater level, precipitation, and precipitation surplus (Fig. 2) , suggesting that the soil The core samples were taken from the thickness of 5cm in the peat soil from 15 cm to 28 cm under dressing mineral soil. Fig. 3 presents details showing the ranges of soil matric and pressure potential of 10 cm at the D and D-SD sites were -13-3 and -77-2 kPa, respectively, with significant differences found between sites. In contrast, the ranges of the soil matric potential of 30 cm at the D and D-SD sites were -3-2 and -2-4 kPa, respectively:
with the values of both sites markedly similar. , with sudden increases during June and October (Fig. 4) ). Fluxes during the snow-covered period (i.e. November-March) were nearly zero. ; the maximum value occurred in 2004 (Table 3) . Mean annual nitrous oxide emissions at the D-SD site were 2.8-21.1 kgN ha -1 yr -1 ; the maximum value in 2003. Large differences were found among annual values. 3.6 Nitrous oxide concentration in the soil gas Fig. 5 shows the average nitrous oxide concentrations in the soil gas were 0.3-562 ppm and higher at the D site than at the D-SD site, particularly in 2004, when the maximum nitrous oxide concentration at the D site was 1259 ppm. The nitrous oxide concentrations were highest at depths of 20 or 30 cm in the soil. Nagata et al. (2005) reported that nitrous oxide fluxes from an undeveloped mire near this study site were close to zero throughout the year and that nitrous oxide emissions were 0.3 kgN ha -1 yr -1
Nitrous oxide fluxes
Discussion
. Annual nitrous oxide emissions from the D and D-SD sites had increased by 9-133 times compared with that from undeveloped mire (Table 3) . The results of this study showed that conversion of the peatlands into farmland had dramatically changed their atmospheric impact. The range of nitrous oxide emissions in this study resembled that in farmed organic soils (2-38 kgN ha -1 yr -1 ), as reported by Kasimir-Klemedtsson et al. (1997) . In addition, although the experimental sites were in a non-tilled state, this study site had higher nitrous oxide flux than the default value proposed by Eggleston et al. (2006) as a nitrous oxide emission factor for cultivated organic soils in the temperate climate zone (8 kgN ha ). Nitrous oxide fluxes were much higher at the D site in 2004 than in other experimental years (Fig.  4) . Flessa et al. (1998) reported that a large part of the seasonal variation of nitrous oxide emission rates was explainable by changes in the groundwater level. The groundwater level in 2004 was higher than the other two experimental years (Fig. 1) . On the other hand, nitrous oxide fluxes at the D-SD site in 2004 were not remarkably higher than those in 2003 and 2005 (Fig.  4) . Table 4 presents the results of the ANOVA giving the effects of the sampling year and the difference of conditions (only drainage, drainage, and mineral soil-dressing) of study fields. No significant difference was found between the study sites, while on the other hand, significant differences were evident among the sampling years. This result shows that the drainage of peatlands contributes to increased nitrous oxide emission, but that the influence of soil dressing is not remarkable. On the other hand, the results of this study show that the difference of weather condition was reflected in the differences of precipitation surplus and that groundwater level is one factor that influences nitrous oxide emissions (Figs. 1, 2, Table 3 ). Toma et al. (2007b) reported that nitrous oxide emissions (Figs. 4 and 5) . Nitrous oxide concentrations in soil gas at the D site in 2004 were highest at depths of 20 and 30 cm (Fig. 5) . The soil matric and pressure potential of 30 cm at the D and D-SD sites were close to zero, and soil water conditions near saturation during the period of higher nitrous oxide fluxes. It can be inferred that large nitrous oxide fluxes at the D site in 2004 originated from denitrification. Some reports show that considerable nitrogen losses occurring through denitrification from managed peat soil originated from a deeper layer than 20 cm (van Beek et al., 2004) and at a greater (0-40 cm) depth (Koops et al., 1996) . A combination of favorable hydrological and microbial conditions might occur at depths of 20 or 30 cm, where the layer was sometimes below the groundwater level, while denitrification might occur below the groundwater level. However, we were unable to collect gas samples from the submerged layer. Further investigation is necessary to understand which depths or ranges in the peat layer contribute to denitrification. Our results suggest that the drainage of peatland contributes to increased nitrous oxide generation. Additional research is necessary to clarify appropriate methods of managing agricultural peatlands, including the influence of soil dressing. 
